Nanocomposite pressure-sensitive adhesives (PSAs) composed of polyurethane (PU)/(meth)acrylates reinforced with MoS2 nanoplatelets were prepared by blending aqueous dispersions. MoS2 crystals were exfoliated by sonication in water in the presence of poly(vinylpyrrolidone) (PVP, molecular weight of 10,000 g mol -1 ) to prepare an aqueous dispersion. Waterborne colloidal polymer particles (latex) were synthesized by miniemulsion photopolymerization in a continuous tubular reactor. The adhesive and mechanical properties from the resulting nanocomposite films were determined as the MoS2 fraction was increased. A superior balance of viscoelastic properties was achieved with 0.25 wt% loading of the MoS2 nanoplatelets, leading to a tack adhesion energy that was three times greater than for the original PSA.
Introduction
Interest in polymer nanocomposites was first stimulated by the reports of Toyota scientists about the advantages of mixing of inorganic nanoparticles with polymers, leading to a new direction in the field of materials science. 1 The use of inorganic nanoparticles with different shapes, e.g, platelets, spheres or tubes, as fillers in a polymer matrix has attracted increasing interest owing to the attractive properties arising from their small size and large aspect ratios, with applications in structural engineering, drug delivery, etc. 2, 3 These polymer nanocomposites can be produced by different methods such as in situ polymerization, 4, 5 where the polymerization is performed in the presence of nanoparticles; melt blending, [6] [7] [8] where a polymer is blended with nanoparticles and then annealed at a temperature above the glass transition temperature of the polymer to form the nanocomposite; or solution blending, [9] [10] [11] where the blending of polymer and nanoparticles is performed in a suitable solvent. For the production of waterborne nanocomposites for application as paints, coatings and adhesives, two main methods have been reported: (1) emulsion mixing and (2) in situ polymerization in suspension, 12 emulsion [13] [14] [15] [16] and miniemulsion. [17] [18] [19] [20] [21] The emulsion mixing method has shown to be the most simple and most effective method, since it consists of a simple blending of an aqueous dispersion of nanoparticles with the latex. 14, [22] [23] [24] One advantage of this simple method is that the polymer properties can be controlled during their synthesis and not perturbed by the presence of nanoparticles. A second advantage is that mixing at the nanoscale can be achieved, and the larger polymer particles can be used to organise or direct the position of the inorganic nanoparticles.
One of the promising applications of polymer nanocomposites is in pressure-sensitive adhesives (PSAs). [22] [23] [24] [25] [26] The adhesive properties of PSAs result from their well-balanced viscoelasticity in which there is viscous dissipation combined with sufficient elasticity. 25, 27 debonding; the solid component resists deformation and supports load under shear stress.
The utilization of various inorganic nanoparticles has provided a promising alternative 19, 22, 23, 28 to the classical polymer-polymer hybrids. 29, 30 Reports of different nanoparticles used for preparation of waterborne PSAs nanocomposites e.g., clay discs (laponite or montmorillonite), carbon nanotubes (multi-walled MWNTs or single-walled SWNT), and graphene, can be found in both the open and patent literature. 15, 19, [22] [23] [24] Improved adhesive properties have been obtained by the use of plate-like fillers, which are of interest in the present work. Crucially, re-arrangement of hard particles in a viscous matrix and the sliding of a viscous matrix along the hard particle surface can both dissipate energy during the deformation of the nanocomposite. It is known that mechanisms of energy dissipation increase tack adhesion of PSAs. As nanoparticles have a very high surface area, interfacial interactions (such as adsorption of polymer chains and sliding along interfaces)
can make a significant impact on a soft matrix. For instance, laponite armoured poly(laurylacrylate) nanoparticles showed a significant enhancement of the tack energy as compared with unarmored latexes. 28 Khan et al. 31 added graphene sheets to a poly(vinyl acetate) adhesive and reported increased adhesion properties.
Inspired by the unique properties of this new class of materials (two dimensional (2D) one or few molecular layers thin materials) and encouraged by the possibilities of the platelet-like nanoparticles to enhance the adhesive properties, in this study we have used molybdenum disulfide (MoS2) 2D nanoplatelets as a reinforcing filler in polyurethane (PU)/(meth)acrylate waterborne PSAs. Bulk MoS2 has a layered structure, with each layer consisting of a covalently bonded S−Mo−S hexagonal quasi two-dimensional network 32, 33 and connected to other layers by weak attractive van der Waals forces. Owing to the relatively weak interlayer interaction, the monolayers of MoS2 can be mechanically exfoliated from a MoS2 crystal.
4 fullerene-like particles of MoS2 were used as fillers in a polymer matrix to improve the tribological properties 35, 36 and thermal stability 37 of the polymer. MoS2 nanotubes were incorporated into a polyurea elastomer matrix in order to study the influence of the nanotubes on the glass transition temperature. 38 To the best of the authors' knowledge, no work on The photopolymerizations were performed at room temperature in a continuous tubular reactor. 41, 42 The reactor consisted of a 740 mm silicone tube (2 mm inner diameter) and seven quartz tubes connected with each other with six semi-circular silicone bends (2 mm inner diameter). Each quartz tube had a length of 400 mm, an inner diameter of 1 mm and an outer diameter of 3 mm. It has been shown that this reactor design allows a smooth operation at high solids content avoiding clogging. 43 A UV chamber (model BS 03, Dr.
Gröbel UV-Elektronik GmbH) equipped with 20 UV lamps emitting UV light in the range from 315 to 400 nm with a maximum at 368 nm was used. The incident light irradiance was measured using a radiometer UV sensor. A gear pump (model 305, Gilson) was used to feed the miniemulsion (that was kept under stirring at 450 rpm) to the reactor with a flow rate corresponding to a residence time of 10 min, which was enough to achieve almost complete conversion of the acrylic monomers at the reactor outlet. 41, 42 Prior to being fed to the reactor, the miniemulsion was purged with nitrogen for about 30 min. The latexes were reacted under steady-state conditions. The reaction temperature was measured at the inlet and at the outlet of the reactor to be 25ºC±1ºC in both places. This shows that the reactor efficiently removed the heat of polymerization. Without UV irradiation, no polymerization of the (meth)acrylates took place even in the presence of the initiator. Moreover, direct irradiation of the monomer without a photoinitiator did not lead to the formation of a polymer.
The latex was prepared using incident light irradiance of 7 mW/cm 2 and PI concentration of 0.48 wt%. The hybrid PU-acrylic polymer is formed through a complex mechanism that has been studied elsewhere. 42, 44, 45 Here, it is sufficient to say that during the preparation of the miniemulsion, reaction of the isocyanate-terminated PU prepolymer with water and HEMA led to extended and double bond/isocyanate terminated PU. In the reactor, due to the low temperature used (25 ºC) and the short residence time (10 min) only free radical polymerization occurred, and the remaining isocyanate groups reacted during the first 8 days of latex storage. 44 Later, hydrogen bonding and other physical interactions further modify the polymer microstructure. 44 The latex was aged for 230 days to ensure that a stable microstructure was achieved. The average particle size was 150 nm, measured by dynamic light scattering (DLS) (ZetasizerNano Z, Malvern Instruments) and the gel content was 35 wt% according to Soxhlet extraction in THF.
2D MoS2 nanoplatelets preparation and characterization
MoS2 powder (99.0% purity) with a grain size less than 2 μm was ground in a mortar.
Then the powder was dispersed in a PVP aqueous solution and was sonicated under stirring using an internal standard mix of Bi, Ga, Ge, Rh and Sc.
Nanocomposite preparation
In order to achieve different MoS2 concentration with respect to the polymer (from 0.1 wt% to 0.75 wt%), different amounts of the MoS2 dispersions were added to the PU/(meth)acrylic latexes under stirring. The resulting blends were stable for days; no macroscopic sedimentation of MoS2 was observed.
Adhesive, linear viscoelastic and nonlinear elastic properties
Probe tack measurements were performed following the Avery method (MicroSystems Texture Analyser, Godalming, UK) using a 1-inch, spherical stainless steel probe. The films were cast on glass (exactly 1.5 ml of the blend) using a cube applicator (from 200 µm to 400 µm) and then they were dried for 2 min under irradiation by an IR lamp, followed by 48 h drying at room temperature. The final thickness of the films was calculated from the solids content of the blend used, and the thickness of the films was varied between 60 to 90 µm. The ambient temperature was approximately T = 21 ºC and the relative humidity was approximately 40% in all experiments. The procedure for probe-tack tests was as follows: the spherical probe was brought into contact with the film at a velocity of 30 μm s -1 and with a load of -4.9 N for 1 s, after which the probe was removed from the film at a controlled velocity that corresponded to an initial debonding rate of 1 s -1 . For every sample, the debonding rate was set according to the thickness of the film. The nominal stress is defined as the force divided by the contact area, and the strain is defined as the displacement divided by the thickness of the film. The contact area was calculated after every measurement. For each experiment, five replicate measurements were made, and the averages are reported here.
Samples for dynamic mechanical analysis (DMA) were obtained by casting the latex in poly(tetrafluoroethylene) moulds and drying at room temperature for seven days. Then, rectangular samples with approximate dimensions of 10 mm × 3.5 mm × 0.5 mm were cut from dry films and analyzed using a commercial instrument (Q800, TA Instruments, New
Castle, DE, USA) in a tension mode with a strain of 0.25% at a frequency of 1 Hz and a temperature sweep from -80 to 30 °C at a constant heating rate of 4 °C per min.
Stress/strain measurements were carried out on a tensile apparatus (MicroSystems Texture Analyser, Godalming, UK) with a 5 mm s -1 crosshead velocity, which corresponded to an initial strain rate of 1 s -1 . For each experiment, four replicate measurements were made, and the averages are reported here.
Results and discussion

MoS2 exfoliation
The layers in the bulk MoS2 crystals are connected by weak van der Waals forces.
Therefore, to exfoliate the crystal into thin 2D nanoplatelets composed of one or a few molecular layers of covalently-bonded S-Mo-S, a low-energy sonication process was used.
To hinder restacking of the MoS2 nanoplatelets, PVP was added as a stabilizing agent prior to the sonication process. After sonication, the dispersions were subjected to centrifugation (4500 rpm, 30 min) in order to remove the MoS2 that was not exfoliated. (Fig.2a) , but nanoplatelets with a thickness of one or two layers were also observed (Fig. 2b ). Due to their ultrathin structure, the MoS2 nanoplatelets are transparent to the electron beam. The lateral size of most of the MoS2 nanoplatelets is around 100-300 nm, which is advantageous to facilitate their stabilization in water and blending with latex particles of a similar size. An AFM height image and the cross-sectional traces of MoS2 nanoplatelets spin-casted on mica are presented in Figure 3 confirming the TEM findings. The thickness of the MoS2 nanoplatelets is in the range 2 -9 nm, which can be seen from the cross-sectional trace. Bearing in mind that the thickness of a monolayer MoS2 is 0.6 nm 46,47 and the distance between layers is measured to be 0.7 nm, 48 we can conclude that most of the nanoplatelets are composed of between two and four layers of MoS2. 
Adhesive and mechanical properties of the nanocomposite PSAs
The adhesive and mechanical properties (linear viscoelastic and non-linear elastic properties) of the nanocomposite PSA were determined and compared with the properties of the original PSA. A way to assess the adhesive performance of a PSA is via probe-tack testing in which a probe is brought in to contact with the PSA surface and then removed at
a constant velocity. In these experiments, first the probe comes into contact with the adhesive film under a controlled load and set time. When the probe is elevated from an adhesive, a negative pressure is created, which induces the formation of cavities (in a high performing adhesives). The number of cavities reaches a maximum at maximum stress, σmax. Later on, the stress falls to a plateau because of propagation of the cavities laterally and vertically as the walls between the cavities are drawn into fibrils. [49] [50] [51] The force that is needed to draw the fibrils determines the plateau stress, σp, at higher strains. Finally, the stress drops to zero when the fibrils break or detach from the probe at maximum strain, εf (strain at failure). The area under the stress−strain curve represents the adhesion energy, Eadh.
As has been demonstrated in other work, 52 ,53 the tackiness of adhesive film can be affected by the near-surface composition of the PSAs, which can be influenced by atmospheric conditions (e.g. relative humidity) for some polymer systems with polar The E'' peaks presented in Figure 6b were used to find the polymer's glass transition temperature, Tg. The calculated values are listed in Table 2 and demonstrate that the Tg increases with the addition of the nanoplatelets. The maximum shift of +11.9 ºC ( Table 2) was found in nanocomposites containing 0.25 wt% MoS2. The observed increases of the Tg and the storage modulus provide evidence for interactions between the nanoplatelets and the polymer reducing the chain mobility. In previous studies of nanocomposite adhesives containing MWNTs, observed improvements in mechanical and adhesive properties were strongly linked to the type of the dispersant used. That is, PVP dispersants yielded better properties than poly(vinyl alcohol)
and conventional anionic and non-ionic surfactants. 23 It was suggested previously that the dispersant acts as a bridge between the dispersed material and the polymer matrix, which implies that the dispersant was anchored to the dispersed material and had physical interactions with the polymer. For the present case, anchoring of the PVP to the MoS2 may be reinforced by hydrogen bonding of the S-atoms of the MoS2 and the PVP chains.
Recently, Reineckeret et al. 38 demonstrated that the S-atoms of MoS2 nanotubes are able to form intermolecular hydrogen bonding with polyurea chains. On the other hand, a necessary condition for the strong interaction between polymers is that they should be compatible. A way of assessing the compatibility between polymers is to check if the Flory−Huggins
) is lower than their critical interaction parameter ( ). In the supporting information it is shown that this is the case for the present system as − 2 = 0.0065 and = 0.017. Therefore, the PVP is compatible with the P2EHA in the PSA. The molecular weight of the PVP used (10,000 g mol -1 ) is lower than its entanglement molecular weight (17,000 g mol -1 ); 54 therefore entanglements between PVP and P2EHA were not formed. Nevertheless, it has been reported that even molecular weights that are one-half of the entanglement molecular weight can lead to an improvement of the adhesion to hard surfaces. 55 For the present case, the interfacial PVP chains provide to the adhesive an additional energy dissipation mechanism when the MoS2 nanoplatelets slide along the polymer matrix.
Loadings higher than 0.25 wt% led to a decrease of both the adhesive properties and the Tg, perhaps because of the increased aggregation and restacking of the nanoplatelets placed in the small excluded volume between the particles of the hybrid latex dispersion. To understand the differences in adhesive properties presented in Fig. 4 , the dissipative properties of the latex and nanocomposites, in relation to their elastic components are next considered. As noted previously, a simple criterion to predict adhesive performance is the ratio tanδ/E'. Values higher than a critical level, which according to Deplace et al. 57 for adhesion on stainless steel is 0.167·10 -5 Pa -1 , favours the development of fibrils rather than interfacial crack propagation. The adhesion energy as a function of the ratio tanδ/E' was plotted in Figure 7b . The original PSA has the highest value for tanδ/E' (Figure 7b ), which implies a greater tendency for fibrillation. It can be seen from the probe-tack curve (Figure 4 ) that the original PSA fibrillates at high strain, however it does not have enough cohesive strength to support the high stress. Consequently, the adhesion energy is low (Figure 7b ). When increasing the nanoplatelets concentration, the ratio tanδ/E' decreases and the adhesion energy increases, reaching a maximum at 0.25 wt% nanoplatelets concentration. When there is a decrease in tanδ/E' there is an increase in Eadh because cohesive failure is avoided with stronger and extendable fibrils. Below a certain value of the tanδ/E', namely for loadings higher than 0.25 wt%, which in this case is 2.04 MPa -1 , the adhesive is too stiff (its modulus is too high) and the adhesive failure occurs at lower strains leading to a decrease in Eadh. The adhesion energy of the nanocomposites containing 0.25 wt% MoS2 is 223 J m -2 , which is three times higher than found for the original PSA. experiments to aid in the explanation of the PSA debonding in the tack test at large strains.
In this regime, a large extensibility is required for a long plateau in the tack curve and a high tack energy. The tensile stress measurements were performed at a strain rate corresponding to that used in the probe-tack measurements. Figure 8 shows that for the original PSA, no strain hardening was observed in the tensile stress-strain curve, which correlates with the liquid-like characteristics found in the probe-tack analysis (Figure 4 ). The figure also shows that the addition of a small amount of nanoplatelets (0.1 wt%) had a noticeable effect on the stress level at large strains, which can explain the increased cohesion observed in the probetack data for this nanocomposite PSA. With 0.1% MoS2 load, the probe-tack data in Figure   4 shows that the fibrils are stable when strained to large values, and the stress level of the plateau is raised. Higher MoS2 amounts (>0.25 wt.%) gave sufficient reinforcement to the nanocomposites to yield strain hardening at high strains. The plateau in the probe-tack analysis extended with increased MoS2 loading, which can be explained by the reinforcement of the fibrils. However, at the same time, the storage modulus (Figure 7a) increased monotonically with an increase of the MoS2 concentration, and ultimately this over-hardening led to a decrease of the tack energy ( Figure 4 ). The data in Figure 8 were analysed to provide quantitative information. An enhanced stiffness can be clearly seen in Figure 9 where the Young's modulus, obtained from the stress/strain data, increases continuously with the MoS2 concentration. There is also a small increase in the pseudo-yield stress that accompanies the increasing modulus. The strain hardening is analysed by plotting the maximum nominal stress (from Figure 8 ). The maximum stress shows an abrupt upward step between 0.1 and 0.25 wt.% MoS2 nanoplatelets (Figure 9b ) where the strain hardening becomes evident and provides further evidence for the interactions between the platelets and the polymer. This strain hardening leads to a clean detachment of the fibrils from the substrate. Hence, it ensures adhesive failure, rather than the cohesive failure observed without MoS2 present. However, the combination of a higher elastic modulus and strain hardening attributed to the MoS2 at higher concentrations contributes to a decrease in the fibrillation plateau length and a corresponding decrease in the tack energy.
It is worth pointing out that, although our PU latex was synthesized by miniemulsion polymerization because it incorporates water-insoluble monomers, a similar beneficial effect of the combined use of MoS2 and PVP is expected for colloidal polymers prepared by emulsion polymerization or related methods. 
Conclusions
In this study, we have shown that the use of 2D MoS2 nanoplatelets as a nanocomposite filler in PU/(meth)acrylic pressure sensitive adhesives at very low concentrations leads to discernible adhesive and mechanical property enhancements.
Aqueous dispersions of exfoliated MoS2 nanoplatelets, stabilized by low molecular weight poly(vinyl pyrrolidone), were blended with PU/(meth)acrylic hybrid latexes. In addition to preventing the re-stacking of the platelets in the dispersion, PVP acts as an interface bridge between the inorganic and polymer phases in the final film. The glass transition upward shift indicates that the nanoplatelets reduce the mobility of polymer phase. The PVP might also nanoplatelets, leading to the tack adhesion energy being three times greater than for the original PSA.
